l This paper investigates the two-hop communica tion between a source and a destination with the aid of an intermediate half-duplex relay node. There is no direct link between the source and the destination. Both the source and intermediate relay node are assumed to operate under statistical quality of service (QoS) constraints imposed as limitations on the buffer overflow probabilities. It is further assumed that the nodes send the information at fixed power levels and have perfect channel side information. In this scenario, the maximum constant arrival rates that can be supported by this two-hop link are characterized by finding the effective capacity. Through this analysis, the impact upon the throughput of using half-duplex relays and having buffer constraints at the source and relay nodes is identified.
I. INTRODUCTION
Supporting quality of service (QoS) guarantees is important in the design of the next generation wireless systems. In [1], Chang employed the effective bandwidth theory to analyze systems operating under statistical QoS constraints. These constraints are imposed on buffer violation probabilities and are specified by the QoS exponent 8, which is defined as lim log P r{Q(oo) > Q rnax } = -8 Q rnax ---+ oo Qrnax ' (1)
where Q( (0 ) is the queue length in steady state, Q rnax is the buffer-overflow threshold. Therefore, for large Q rnax , we have P r{Q(oo) > Qrnax} ;::: :: : ee Q rnax , and QoS exponent 8 is the exponential decay rate of the buffer overflow probability. A larger 8 implies a lower probability of violating the queue length and is a more stringent QoS constraint. In [2] , Chang and Zajic characterized the effective bandwidths of the time varying departure processes. More recently, Wu and Negi in [3] defined the dual concept of effective capacity, which pro vides the maximum constant arrival rate that can be supported by a given departure process while satisfying statistical delay constraints. Tang and Zhang in [4] - [6] employed the effective capacity formulation to conduct performance analysis under different channel settings. For instance, the optimal power control policies that maximize the effective capacity of a point to-point link have been derived in [4] . Parag and Chamberland 1 This work was supported by the National Science Foundation under Grants CNS-0834753, and CCF-0917265.
Email: mcgursoy@syr.edu, svelipas@syr.edu in [7] provided a queueing analysis of a butterfly network with constant rate for each link. However, they assumed that there is no congestion at the intermediate nodes.
In [8] , we have considered the relay channel model with individual QoS constraints at the source and the intermediate relay nodes. For convenience, we assumed that the relay node operates in full-duplex mode. However, this is generally deemed as impractical in wireless applications [9] . Due to this, half-duplex relaying has been of significant interest recently (see e.g., [9] and [10] , and references therein). For example, various scheduling schemes for the half-duplex relay node has been investigated in [10] .
In this paper, we attempt to characterize the maximum constant arrival rates that can be supported by a two-hop communication link when both the source and the intermediate relay node are operating under buffer constraints. The individ ual QoS constraints of the source and the intermediate nodes are described by the QoS exponents 81 and 82, respectively. We assume that the relay node operates in half-duplex mode. Hence, the relay first listens and then transmits during which the source ceases transmitting. Therefore, the source and relay time-share their transmissions. We assume that the channel state knowledge of each link is known at both nodes, and the transmission power levels are fixed. Under these assumptions, we determine the effective capacity as a function of 81 and 82 .
II. SYSTEM MODEL AND PRELIMINARIES
The two-hop communication link is depicted in Figure  I 
respectively. Above, Qs and Qr denote the stationary queue lengths at the source and relay, respectively.
In this paper, we consider a block-fading channel model. For each frame of length T, we assume that the relay node is in the receive-mode for a fraction T E [0, 1] of the time, and in the transmit mode for the rest of the time. In the ith symbol duration, the signal Yr received at the relay from the source and the signal Yd received at the destination from the relay are given by
where Xj, j = {I, 2} denote the inputs for the links S -R and R -D, respectively. The inputs are subject to individual av erage energy constraints lE{IXj 1 2 } <::: Pj / B, j = {I, 2} where B is the bandwidth. We assume that the fading coefficients gj, j = {1,2} are jointly stationary and ergodic discrete time processes, and we denote the magnitude-square of the fading coefficients by zj[i] = Igj[iW. Assuming that there are B complex symbols per second, we can easily see that the symbol energy constraint of Pj / B implies that the channel input has a power constraint of Pj' Above, in the channel input-output relationships, the noise component nj [i] is a zero-mean, circularly symmetric, complex Gaussian random variable with variance lE{lnj[i]1 2 } = Nj for j = 1,2. The additive Gaussian noise samples {nj [i]} are assumed to form an independent and identically distributed (ij.d.) sequence. We denote the signal-to-noise ratios as SNRj = :�. According to [2] , we know that the queues are not stable ifthe condition
is not satisfied. In this case, the effective capacity supported by the system becomes 0. Therefore, feasible values of Tare upper bounded by
We first state the following result from [2] .
Lemma 1 ( [2] ): Suppose that the queue is stable and that both the arrival process a[n], n = 1,2, ... and service process ern], n = 1,2, ... satisfy the Gartner-Ellis limit, i.e., for all 8 > 0, there exists a differentiable logarithmic moment 
n---+ oo n If there exists a unique 8* > ° such that
D Now, we discuss the implications of this result on the two hop link we study. Assume that the constant arrival rate at the source is R � 0, and the channels operate at their capacities.
To satisfy the QoS constraint at the source, we should have (11) where 8 is the solution to (12) and Asr ( 8) is the LMGF of the instantaneous capacity of the S -R link.
According to [2] , the LMGF of the departure process from the source, or equivalently the arrival process to the relay node, is given by
Therefore, in order to satisfy the QoS of the intermediate relay node R, we must have
where e is the solution to (15) Above, Ard (8) is the LMGF of the instantaneous capacity of the R -D link.
After these characterizations, effective capacity of the two hop communication model can be formulated as follows.
Definition 1: The effective capacity of the two-hop com munication link with the QoS constraints specified by 81 at the source and 82 at the relay node is given by
where R is the collection of arrival rates R such that the solutions (j and e of (12) and (15) with any R E R satisfy (11) and (14), respectively.
III. EFFECTIVE CAPACITY OF A Two-Hop LINK IN BLOCK FADING
We assume that the channel state information of the links S -Rand R -D is available at S and R, and the channel state infonnation of the link R -D is available at D. The transmission power levels at the source and the intennediate hop node are fixed and hence no power control is employed. We further assume that the channel capacity for each link can be achieved, i.e., the service processes are equal to the instantaneous Shannon capacities of the links. We consider a block fading scenario in which the fading stays constant for a block of T seconds and change independently from one block to another.
Under the block fading assumption and the relaying tech nique, the logarithmic moment generating function for the service processes of links S -R and R -D as functions of 8 are given by [4] Asr (8) Finally, note that TO is given in (6) . and TO, as defined in (6), is the upper bound on the time sharing parameter T. (26) follows from the fact that the first term inside the minimization in (25) is an increasing function of T while the second term is a decreasing function. Hence, the upper bound in (25) is maximized at T* at which the two terms inside the minimization are equal to each other. If T* < TO, the optimal value of T is selected as T*. If, on the other hand, T* exceeds the upper bound, i.e., T* ::;:, TO, then the optimal value is TO. Case I 81 ::;:, 82:
In this case in which the QoS constraint at the source is more stringent, we can show that the upper bound in (26) can be achieved or be approached arbitrarily closely. Let us set One subtlety in the above argument is the following. Note that we have the strict inequality T < TO. Hence, we cannot actually set T = TO but we can select a value of T that is arbitrarily close to TO. Therefore, since the function in (30) in creases with increasing T, we can approach the maximum rate -l , lo g IEz l {e-TO e , T B lo g2 (1+SNR, z ,)} arbitrarily closely. Be cause the effective capacity is defined as the supremum of rates (see e.g., (16)), R = -l , 10gIEz l {e-TOe ,TBIOg2(1+SNR,Z,) } is indeed the effective capacity.
Case II 81 < 82:
We now consider the scenario in which the relay node is subject to a more stringent QoS constraint. In this case, the approach behind the proof is identical to the one employed in Case I. Again, we set (j = 81 and IJ = 82. Because, otherwise if we have (j > 81 and/or IJ > 82, we impose more strict QoS constraints than necessary and hence end up supporting only lower arrival rates. Now, for fixed T, the equations in (19) Choosing values other than (j = 81, IJ = 82, and T = T ' will lead to smaller arrival rates. Hence, the effective capacity is given by
Zl .
(37)
Above discussion implicitly assumes that T ' < TO. If T ' exceeds the threshold TO, then the optimal value of the time sharing parameter is set to T = TO. Using similar ideas as in Case I, we can show that the effective capacity in this case is Zl .
(38) D For the numerical analysis, we consider the relay model depicted in Fig. 2 . The source, relay, and destination nodes are located on a straight line. The distance between the source and the destination is normalized to I. Let the distance between the source and the relay node be d E (0, 1). Then, the distance between the relay and the destination is 1 -d. We assume the fading distributions for the links S -R and R -D follow independent Rayleigh fading with means 1/ dCt and l/(l-d)C", where we assume that the path loss coefficient is Q = 4.
We further assume that SNR 1 = a dB and 81 = 0.01 in the following numerical results. In Fig. 3 , we plot the effective capacity as a function of 82. In the figure, we fix d = 0.5, in which case the links S -Rand R -D experience statistically the same channel conditions. From the figure, we can find that the effective capacity stays constant for small 82, i.e., the QoS constraints specified by such small 82 values at the relay node do not impose any negative effect on the effective capacity of the system. We can also see that as SNR2 increases, larger 82 values and hence more strict QoS constraints at the relay node can be supported without changing the effective capacity of the system. One stark difference from our previous work in [8] is that as SNR2 increases, the effective capacity of the system increases as well. This is due to the nature of the half-duplex mode. As SNR2 increases, more time can be allocated to the transmission between the source and relay nodes while satisfying (6) . In Fig. 4 , we plot the effective capacity as d varies. We assume 82 = {0.001, 0.01, 0. 1}. As we can see from the figure, there exists an optimal d that maximizes the effective capacity of the system. Besides, the optimal d increases as 82 increases. This is due to the fact that as the QoS constraints at the relay node becomes stringent, the effective bandwidth supported by link R -D decreases and becomes the bottleneck of the system. In order to counterbalance this negative effect, the channel condition of R -D should be better, which results in a larger d. It is interesting that two curves for 82 = 0.001 and 82 = 0.01 overlap as d increases. This is because the upperbound for T specified in (6) is achieved for both curves.
IV. CONCLUSION
In this paper, we have analyzed the maximum arrival rates that can be supported by a two-hop communication link in which the source and half-duplex relay nodes are subject to individual buffer constraints. We have determined the effective capacity in the block-fading scenario as a function of the signal-to-noise ratio levels SNR1 and SNR2 and the QoS expo nents 81 and 82. We have found that when the QoS exponent 82 of the relay node is small, the effective capacity is not affected by the buffer constraints at the relay. We have shown that as the SNR level at the relay node increases, the effective capacity of the system increases and can stay unaffected for more {0.00l, 0.01, 0.1}.
stringent QoS constraints at the relay node. Additionally, as the QoS constraints at the relay node become more stringent, we have observed that the effective capacity of the system can be increased by improving the channel conditions in the link R-D through having the relay node approach the destination.
